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We demonstrate a simple two-photon, nonclassical interference between the generation amplitudes 
of ultra-broadband entangled photon pairs (bi-photons) in two different nonlinear media, allowing 
measurement of the bi-photons spectral phase. In an analogy to a Mach-Zehnder interferometer, 
the nonlinear media act as beam splitters that couple between the pump beam and the bi-photons. 
The nonclassical nature of the interference is demonstrated by observing the dependence of the 
interference contrast on internal loss, analogous to an attempt to obtain "which-path" information. 
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Due to quantum correlation, the state of a bi-photon 
(entangled photon pair) is defined well beyond the un- 
certainty regarding each of the constituent photons. The 
inherent quantum nature of bi-photons is a foundation 
in quantum optics, exploited for many experiments and 
applications, such as verification of quantum theory [D- 
|4|, engineering of Bell states for quantum information 
[5l— lo(] and sources of squeezed light for measurements of 
optical phase below the shot-noise limit [IM1- A most 
pronounced realizations of this quantum correlation is 
with ultra-broadband time-energy entangled bi-photons, 
produced by type-I spontaneous parametric down con- 
version (SPDC) from a narrowband pump laser. The 
precise energy-sum correlation of broadband bi-photons 
can extend over nearly an octave in the spectrum (more 
than lOOTHz in this report), and their time-difference 
correlation can be in the few fs regime As a re- 

sult of this ultrashort time correlation, a very high flux of 
bi-photons (up to 10 14 bi-photons per second) can be gen- 
erated and still be composed of single bi-photons, with 
negligible probability for multiple pairs [H, E3, 18 1. 



In spite of their unique quantum properties, broadband 
bi-photons are rarely used in quantum information appli- 
cations, mainly because of the bandwidth incompetency 
in the standard detection scheme between the bi-photons 
and the photo-detectors. When the single photons are di- 
rectly detected, the photo-detectors response time is far 
too slow (~ lOOps with the fastest available detectors) 
to resolve the ultrafast correlation time of the bi-photons 
(of order 10 — lOOfs). In frequency domain, this incom- 
petency leads to an undesired distinguishability between 
different frequency pairs of the bi-photons spectrum. As 
a result, the broadband spectrum of bi-photons is a bur- 
den, not a resource with standard detection, and much 
effort is invested in many experiments to eliminate time 
energy entanglement by matching the bi-photons band- 
width to that of the pump, either by narrowing of the 
bi-photons lij- 2l[ or by increasing the pump bandwidth 
using ultrashort pump pulses [22 - 24 1 . 

In order to exploit the bandwidth resource of bi- 
photons, a different route for detection is required, where 



the frequency pairs of the bi-photons remain undistin- 
guished. In the past, broadband physical two-photon 
detection, such as sum-frequency gen eration (SFG) was 
used for this purpose [13, El, USUI]- In SFG, all fre- 
quency pairs that sum up to the original pump interfere 
in the SFG generation, leading to the desired indistin- 
guishability. The quantum nature of the interference 
with bi-photons was demonstrated by a linear depen- 
dence of the nonlinear SFG intensity on the incoming 
bi-photons flux [l8j |. 

SFG indeed offers true broadband two-photon detec- 
tion, but with two major limitations: first, the low ef- 
ficiency of the SFG process in the single photon level 
(~ 1CT 10 — 1CT 8 ) yields a very low flux of SFG photons 
that is difficult to detect, especially against the back- 
ground from scattered pump light. Second, as a broad- 
band pairwise interference effect, the SFG signal is highly 
sensitive to spectral phase modulations of the bi-photon 
input. SFG can therefore detect only nearly transform 
limited bi-photons and exact dispersion compensation is 
required to obtain a detectable SFG signal. By homo- 
dyne detection of the generated SFG with respect to the 
original p ump , the overall bi-photon phase can be mea- 
sured [i|| H3| , but not the spectral phase of the compos- 
ing frequency-pairs. 

Here we demonstrate a simple interferometric mea- 
surement of the spectral phase (and amplitude) of bi- 
photons. The experimental concept, schematically out- 
lined in Fig. QJa), includes two nonlinear crystals in se- 
ries that are pumped by the same pump at frequency 
rip, where the spectrum of bi-photons is measured af- 
ter the second crystal. Bi-photons produced in the first 
crystal enter the second crystal, where due to the pres- 
ence of the pump they can either stimulate further down 
conversion, or be up-converted back to the pump, de- 
pending on the relative phase between the pump and the 
bi-photons [2814301 . If the bi-photons are not transform 
limited, the relative pump - bi-photons phase varies spec- 
trally, leading to the appearance of high-contrast inter- 
ference fringes on the measured bi-photons spectrum in a 
symmetric manner around the degeneracy point at VL p /2. 
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FIG. 1: (color online) (a) A simplified block diagram of the 
experimental process, showing the generation of bi-photons 
by SPDC in the first crystal, a change of the relative phase 
between the pump and the down converted light after the 
crystal and another generation of down converted light in the 
2nd crystal, (b) The two-photon Mach-Zehnder analog of 
the experiment: Each crystal is analogous to a beam splitter 
(unbalanced) that couples between the bi-photons and pump 
beams, allowing measurement of the relative spectral phase 
between the bi-photons and pump. 



relation (two-photon attenuation) , preserving the fringes 
contrast, whereas the second attenuates every photon in- 
dependently (one-photon attenuation), thereby reducing 
quadratically the flux of " surviving" bi-photons that en- 
ter the second crystal, leading to a linear reduction of 
the fringe contrast in the bi-photon interference. In the 
Mach-Zehnder analog, attenuation between the crystals 
is equivalent to an attempt to obtain "which path" in- 
formation, causing the interference to disappear 
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This spectral interference provides a direct holographic 
measurement of the bi-photons spectral phase. Since bi- 
photons can be generated either in the first crystal or 
the second, quantum interference between the probabil- 
ity amplitudes of those two indistinguishable possibili- 
ties occurs according to the relative phase between the 
pump and the bi-photons. The described setup is there- 
fore analogous to a Mach-Zehnder interferometer for the 
bi-photons, where the crystals represent beam splitters 
that couple the pump and the bi-photons beams as illus- 
trated in fig. [1] (b) . 

While the mere existence of the interference can be ex- 
plained by classical theory for high-gain parametric am- 
plification, the observed fringe contrast with bi-photons 
is a clear quantum signature (28r]3fj| . We demonstrate 
the nonclassical nature by comparing two experimental 
situations that are classically indistinguishable, yet quan- 
tum mechanically lead to very different results: we at- 
tenuate the light fields entering the 2nd crystal in two 
ways - once by attenuating the pump before the first 
crystal, thereby attenuating also the flux of bi-photons 
generated in it, and second by attenuating both the 
pump and the bi-photons beam between the two crys- 
tals. Quantum-mechanically these two possibilities are 
different procedures - the first attenuates linearly the gen- 
eration rate of bi-photons, but does not alter their cor- 



FIG. 2: (a) Experimental layout: bi-photons are generated 
in the 1st crystal (12mm long PPKTP), pumped by a single- 
frequency diode laser at 880 nm with up to 400 mW power. 
Both the bi-photons and the pump are directed into a second 
identical crystal, where further generation of bi-photons or 
up-conversion back to the pump can occur. The resulting bi- 
photons spectrum is measured by a home-built spectrometer 
composed of a prism (SF11) and a CCD camera (Xeva-2. 5-320 
by Xenics). The last mirror M4 separates the pump from the 
bi-photons, allowing the pump power to be measured. Atten- 
uation is achieved by a half-wave plate and polarizer, either 
before the 1st crystal or between the crystals, (b) Calculated 
phase mismatch for collinear down-conversion in the PPKTP 
crystals, indicating ultra-broad phase matching around the 
zero-dispersion of KTP. (c) SPDC spectrum from a single 
crystal, demonstrating bi-photons spanning nearly an octave. 

A simple quantum model accounts for the observed bi- 
photon interference. The bi-photon state |\&) created by 
the first crystal can be approximated as: 

poo 

\*)idc » 10} + / du]g(w)\\ Uo + u , 1 > (1) 

Jo 

where |0) is the vacuum input of the 1st crystal, ojq is the 
frequency of the center of the spectrum and |g(u;)| 2 repre- 
sents the spectral photon number density determined by 
the pump intensity and the phase-matching conditions 
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in the down conversion crystal. Assuming |g(u;)| 2 -C 
1 Hz^ 1 , higher order terms of multiple bi-photons can 
be neglected (in our experiment |g(w)| 2 ~ 1/90 Hz~ x ). 
In the Mach-Zchnder analog, \g(u)\ represents the reflec- 
tion/transmission of the BS. 

The two photon state entering the second crystal after 
experiencing spectral phase modulation <p(u>) (e.g. from 
material / mirror dispersion) is 



(a) 



|o> 



dujg{uj) 



, 1« — J) (2) 



where = 4>(luo —lj) +4>(ojq +uj) is the spectral phase 
of the bi-photon - the sum of phases of twin frequency 
pairs. Neglecting multiple pairs generation also in the 
second crystal, the quantum state after the second crystal 
is 

I*), « |0> + J dujg(uj) (l + e**^) |l Wo+w , l Wo _ w ) 

(3) 

and the detected spectral intensity of bi-photons equals 

= (*/|a + a|*/) oc \ 9 {uj)\ 2 cos 2 (<S>(uj)/2). (4) 

A detected down-converted photon at frequency lo can 
be generated either in the 1st crystal or in the 2nd, 
and the interference between those two probability am- 
plitudes leads to the observed fringes. Constructive inter- 
ference represents enhanced down-conversion in the sec- 
ond crystal, whereas destructive interference represents 
up-conversion of bi-photons back to the pump. 

In the experiment, described in Fig|2] (a), a single fre- 
quency diode laser at 880nm pumps a KTP crystal pe- 
riodically polled for collinear down conversion around 
1760nm. This pump wavelength was chosen to match the 
center of the bi-photons spectrum to the zero-dispersion 
wavelength of the KTP crystal, allowing an ultra-broad 
bandwidth (over 100 THz, nearly an octave) for collinear 
down conversion between 1.3 — 2.5/im, as illustrated in 
Fig. [U[b). Figure [2Jc) shows the measured bi-photons 
spectrum. Such bandwidth corresponds to a maximum 
possible bi-photon flux of F max = 1.08 x 10 14 photons/s, 
nearly 12 /j,W of single photon pairs. The actual flux 
in the experiment was approximately F max /90, limited 
by the available pump power, well within the single bi- 
photon regime. The down converted light from the first 
KTP crystal continues along with the pump into a sec- 
ond identical KTP crystal, where either down conversion 
or up conversion back to the pump can occur. Nega- 
tive dispersion of the broadband dielectric mirrors (M2, 
M3) between the crystals introduces a spectral modula- 
tion of the phase between the different frequency pairs of 
the down conversion and the pump, causing interference 
fringes to appear on the bi-photons spectrum, as shown 
in Fig. [3l An attenuator is inserted either before the first 
crystal or after it, and the down conversion spectrum is 
measured by a prism-based spectrometer. 
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FIG. 3: (color online) Spectral fringes (a) Raw CCD image 
of spectral fringes after both crystals, (b) Calibrated spec- 
trum of bi-photons light after both crystals (red line, marked 
2), with only one crystal (dashed blue line, marked 1), and 
the corresponding calculated spectral phase 4>(w)/2 of the bi- 
photons (dotted green line marked 3). 



The observed fringe contrast in our experiment of 
~ 20% (calculated by averaging the contrast of the cen- 
tral three fringes) is limited both technically and fun- 
damentally. Technical limits are due to residual non- 
collinear generation from high order spatial components 
of the pump beam. The fundamental limit is due to the 
use of focused Gaussian beams in the finite-length crys- 
tals. Due to the focusing into the crystals (necessary for 
high bi-photon generation), both the pump and the bi- 
photons incur a Gouy phase shift [32[ across each focus. 
Since in collinear down-conversion the Rayleigh range of 
the pump and the bi-photons is equal, the incur-rate 
of the Gouy phase for bi-photons is double that of the 
pump. The relative pump to bi-photons phase therefore 
varies across the focus within the second crystal, thus re- 
ducing the fringe contrast according to the ratio of crystal 
length to the Rayleigh range. 

Figure 2] presents the measured fringe contrast as func- 
tion of pump (and bi-photons) power entering the second 
crystal for the two cases of attenuation. First, before the 
first crystal (two-photon attenuation), which reduces the 
bi-photon flux, but does not affect the correlation, and 
therefore leaves the fringe contrast intact. Second, be- 
tween the crystals (one-photon attenuation), which re- 
duces linearly the quantum correlation between the pho- 
ton pairs, causing a linear reduction of the observed con- 
trast. This clear difference between two classically in- 
distinguishable scenarios is a signature of the quantum 
nature of the interference. 
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FIG. 4: (color online) Measured fringe contrast as function 
of attenuation, (a) Fringe contrast with two-photon attenua- 
tion before the first crystal (blue points) and with one-photon 
attenuation between the crystals (red points). Sample spec- 
tral interferogram are shown in (b) and (c) for two-photon 
and one-photon attenuation correspondingly at lOOmW pump 
level ( 25% transmission), demonstrating the reduction in 
fringe contrast with one-photon attenuation. 



We note that the dark fringes of the spectral interfer- 
ogram represent up-conversion of single bi-photons back 
to the pump with 20% efficienc y (! ), orders of magnitude 
higher than with direct SFG [17|, [l8|. This phenome- 
nal enhancement is due to the large gain offered by the 
strong pump in the second crystal, a two-photon analog 
of the homodyne gain from a strong local oscillator in 
homodyne detection. 

In conclusion, we demonstrated a simple, general and 
robust method for holographic measurement of the spec- 
tral phase (and amplitude) of entangled broadband bi- 
photons through non-classical two-photon interference, 
and to measure the purity of the two-photon state 
through the interference fringe contrast. The ultra- high 
flux of bi-photons and the high two-photon interaction 
efficiency of single bi-photons, enhanced orders of mag- 
nitude (ideally to unity) due to the intense pump field, 
simplify the measurement compared to standard experi- 
ments at the single photon level, allowing measurement 
of the bi-photons with a simple camera. Due to the 
collinear arrangement, the experimental configuration is 
inherently robust to phase fluctuations and does not re- 
quire any phase locking to observe a stable fringe pat- 
tern. We expect this method to become an important 
member of the quantum optics tool box for broadband 
time-energy entangled photons. 
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